In a recent article, Chung et al. [J. Appl. Phys. 115, 034901 (2014)] proposed a novel method to measure series resistances in solar cells quantitatively by dark lock-in thermography. However, the theory to this method contains a mathematical fault; therefore, the method cannot work as expected. Some unphysical predictions and consequences of this theory are reported. In their recent article, 1 the authors correctly start from the heat diffusion equation (k ¼ thermal conductivity, T ¼ temperature, q ¼ power density, q ¼ material density, c ¼ heat capacity, and t ¼ time)
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Then, they assume small signal dark lock-in thermography (DLIT) operation, hence they assume a small AC bias superimposed to a larger DC bias. This leads to a DC and an AC contribution of the dissipated power (density) and the resulting local temperature signal (U ¼ local phase shift between T and P modulation) Pðx; y; tÞ ¼ P DC ðx; yÞ þ P AC ðx; yÞ cosðxtÞ; Tðx; y; tÞ ¼ T DC ðx; yÞ þ T AC ðx; yÞ cosðxt À UÞ:
Now, the authors consider only the AC parts and insert them into (1), leading in Ref. 1 to
Since (3) should hold for any time, the authors insert t ¼ ð1=xÞðp=2 þ UÞ into (3). Then, the first term in (3) containing the r 2 operator becomes zero, which leads to their main result
From (4), finally the local series resistance R s ðx; yÞ is derived, assuming that the heat dissipation of the series resistance occurs at the same position as that of the diode. By drawing in (3) the factor cos ðxt À UÞ in front of the r 2 operator, it is assumed there that this factor is only timedependent but not spatially dependent. However, as the authors also assume later in (4), the phase shift U is a function of x and y. Therefore, the step from (1) to (3) is not permitted and the result (4) is therefore wrong.
Generally, also from an experimental point of view, the method proposed in Ref. 1 appears quite impracticable. The short circuit current of a 152 Â 152 mm 2 sized cell, as used by the authors, is under standard conditions in the order of 8 A. In the proposed method, dark currents between 20 and 60 A are flowing. This is only possible by applying soldered current leads to the cell, as the authors did. Then, the cell is working in its series resistance-limited regime, where the voltage drops at series resistances are in the same order of magnitude as the voltage drop at the pn-junction. This is far from the normal operation mode. Hence, even if the method would work correctly, its results would be of limited significance to solar cell operation due to the well-known dependence of R s on the current. It is also well known that the series resistance R s in a solar cell is mainly a distributed one. Hence, it is dominated by the contributions of the horizontal current flow in the metallization lines and in the emitter, and in the high current regime the current paths depend on the current magnitude. This means that the power dissipated by the current flowing through R s is not dissipated in the positions where the diode current flows, as the authors assume in Ref. 1, but on the current path to these positions. For conventional DLIT evaluation in the low current regime, this fact leads to only small errors, 3 but in the extreme high current regime used here these different power dissipation locations question the whole results, even if the evaluation would be correct. In fact, the amplitude images shown in Figs. 2(b) and 3(b) of Ref. 1 clearly indicate that in these experiments a major part of the power dissipated at the series resistances of the current leads close to the current feed-in positions. Also the approach of the authors to describe the IV relation of the forward-biased diode by a sharp turn-on voltage is a very coarse approximation, which only holds to a certain degree in this extreme high-current regime.
One may ask why the method described in Ref. breiten@mpi-halle.mpg.de any heat sink. This means that, during the DLIT experiment, the DC temperature of the cell is steadily increasing and is during the whole measurement far from steady-state conditions, as assumed in the LIT evaluation. It was shown in Ref. 4 that, under these non steady-state conditions, the LIT measurement is not correct. In particular, the in-phase (0 ) signal is strongly disturbed by the DC temperature drift, which leads not only to an influence of the local DC temperature drift on the amplitude image, as shown in Ref. 4, but also on the phase image. We suppose that this influence is responsible for the phase shift data measured in Ref. 1, hence they are mainly an artifact coming from the inhomogeneous local temperature drift, being strongest close to the busbars.
According to the prediction (4) made in Ref. 1, the local modulated power density P AC should only depend on the values of the local DLIT amplitude T AC and on the phase U there, independent of the spatial distribution of the local power sources. This implies that U should only depend on P and T AC but not on the spatial distribution of the local power sources. However, it is well known that the physical origin of the local phase shift of the T signal is the delay of thermal waves running horizontally from positions of high to positions of low power density. Hence, this phase image must be clearly dependent on the local power density distribution, in contrast to the prediction implied in (4). For a thermally thin device like here, it is well known that, in good approximation, the T modulation signal delayed by a fixed phase shift of U ¼ 90 describes the local modulated power density within the spatial resolution of this signal of about two thermal diffusion lengths.
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To summarize, it must be concluded that the method proposed in Ref. 1 is not able to measure local series or shunt resistances in solar cells quantitatively.
